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@ Formation of microstructures using a preformed photoresist sheet. 

(St) In the formation of microstructures, a preformed sheet of photoresist, such as polymethylmethacrylate 
(PMMA), which is strain free, may be milled down before or after adherence to a substrate to a desired 
thickness. The photoresist is patterned by exposure through a mask to radiation, such as X-rays, and 
developed using a developer to remove the photoresist material which has been rendered susceptible to 
the developer. Micrometal structures may be fonmed by electroplating metal into the areas from which 
the photoresist has been removed. The photoresist itself may form useful microstructures, and can be 
removed from the substrate by utilizing a release layer between the substrate and the preformed sheet 
which can be removed by a remover which does not affect the photoresist Multiple layers of pattemed 
photoresist can be built up to allow complex three dimensional microstructures to be formed. 
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FIELD OF THE INVENTION 

This invention pertains generally to the field of 
semiconductor and micromechanical devices and 
processing techniques therefor, and particularly to 5 
the photoresist used in formation of microminiature 
structures such as those formed of metal. 

BACKGROUND OF THE INVENTION 



10 

Deep X-ray lithography involves a substrate 
which is covered by a thick photoresist, typically sev- 
eral hundred microns in thickness, which is exposed 
through a mask by X-rays. X-ray photons are much 
more energetic than optical photons, which makes 15 
complete exposure of thick photoresist films feasible 
and practical. Furthermore, since X-ray photons are 
short wavelength particles, diffraction effects which 
typically limit device dimensions to two or three wa- 
velengths of the exposing radiation are absent for 20 
mask dimensions above. 0.1 micron. If one adds to 
this the fact that X-ray photons are absorbed by atom- 
ic processes, standing wave problems, which typical- 
ly limit* exposures of thick photoresists by optical 
means, become a nonissue for X-ray exposures. The 25 
use of a synchrotron for the X-ray sources yields high 
flux densities - several watts per square centimeter 
- combined with excellent collimation to produce 
thick photoresist exposures without any horizontal 
runout. Locally exposed patterns should therefore 30 
produce vertical photoresist walls if a developing sys- 
tem with very high selectivity between exposed and 
unexposed photoresist is available. This requirement 
has been satisfied using polymethylmethacrylate 
(PMMA) as the X-ray photoresist, and an aqueous de- 35 
veloping system. See. H. Guckel, etal,, "Deep X-ray 
and UV Lithographies for Micrcmechanics," Technical 
Digest, Solid State Sensor and Actuator Workshop, 
Hilton Head, S.C., June 4-7, 1990, pp. 118-122. 

Deep X-ray lithography may be combined with 40 
electroplating to form high aspect ratio structures. To 
do so requires that the substrate be furnished with a 
suitable plating base prior to photoresist application. 
Commonly, this involves a sputtered film of adhesive 
metal, such as chromium or titanium, which is fol- 45 
lowed by a thin film of metal which is suitable for elec- 
troplating the metal to be plated. In appropriate cas- 
es, the use of an initial layer of adhesive metal is not 
necessary. Exposure through a suitable mask and 
development are followed by electroplating. This 50 
process results, after cleanup, in fully attached metal 
structures with very high aspect ratios. Such struc- 
tures were reported by W. Ehrfeld and co-workers at 
the Institute for Nuclear Physics (KFK) at Karlsruhe 
in West Germany. Ehrfeld termed the process "LIGA" 55 
based on the first letters for the German words for li- 
thography and electroplating. A general review of the 
LIGA process is given in the article by W. Ehrfeld, et 



al., "LIGA Process: Sensor Construction Techniques 
Via X-Ray Lithography." Technical Digest. IEEE Solid 
State Sensorand Actuator Workshop, 1988, pp. 1-4. 

A crucial factor in the production of microminia- 
ture devices, such as those formed by the LIGA proc- 
ess, is the photoresist that is used. As noted, PMMA 
has been successfully used as the photoresist for for- 
mation of LIGA structures. The PMMA films have 
been produced by casting of liquid MMA directly on 
the substrate, with the film being reduced to the de- 
sired thickness, generally not more than two to three 
hundred microns, with a casting jig. The cast film is 
then solidified, typically by utilizing a polymerization 
agent or initiator in the casting solution and a cross- 
linking agent which results in cross-linking upon cur- 
ing. There are several disadvantages and limitations 
of the PMMA films formed in this manner The casting 
procedures require special equipment and fixturing, 
which adds to the time and cost of the process. As 
with almost all casting operations, a heat cycle is nec- 
essary to produce the solidified film. Typically, an- 
nealing cycles up to 110° C are required. These heat 
cycles build up strain in the film due to a significant 
mismatch in thermal expansion coefficients between 
the PMMA photoresist and the substrate. Internal 
strain in the photoresist also occurs due to the shrink- 
ing of the film during curing, which has been ob- 
served to result in up to a 20% shrinkage of the film 
from its as-cast state. As a consequence, the cast 
film, after curing, often has poor adhesion to the sub- 
strate and can buckle off the substrate. Even where 
adhesion to the substrate is retained, the internal 
strain that is built into the film can result in distortion 
of the walls formed in the film after patterning of the 
photoresist by X-ray exposure and development 

PMMAphotoresistfilms are typically cross-linked 
through the addition of a cross-linking, agent to the 
casting solutions to minimize crazing of the films. Be- 
cause of this cross-linking, it is necessary to have an 
additional X-ray exposure step, a blanket exposure of . 
the entire photoresist film, followed by development 
of the film to remove the resist when its use is com- 
plete. Even with the use of cross-linking agents, the 
maximum thickness of resists which have been suc- 
cessfully cast, exposed, and developed have been in 
the range of about 300 microns. Most samples of 
PMMA photoresist films having thickness greater - 
than 200 microns have unacceptable amounts of 
crazing and adhesion loss. Typically, the cast PMMA 
films may only be used once because such films are ' 
found to exhibit significant crazing after the micro- 
plating of metal into the patterned openings in the film 
during the electroplating step of the LIGA process. 

The thicknesses of photoresist utilized for micro- 
mechanical processing is typically a few hundred mi- 
crons or less, which is below the typical thicknesses 
of preformed photoresist sheets. Ehrfeld and co- 
workers have reported attempts to adhere a pre- 
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formed PMMA photoresist sheet to a substrate, with 
the photoresist being calendered before adherence to 
the substrate to reduce the sheet to the desired thick- 
ness for carrying out the LIGA process. However, 
such attempts were reported to be unsuccessful, ap- s 
parently because the strain fields in the calendered 
photoresist were excessive. 

SUMMARY OF THE INVENTION 

10 

In accordance with the present invention, produc- 
tion of microstructures is facilitated byutilizing a pho- 
toresist structure which comprises a preformed sheet 
which can be adhered to a substrate before further 
processing so as to yield essentially no or very little 15 
strain within the photoresist. The preformed sheet is 
of conventional thickness, which allows convenient 
handling of the sheet as it is adhered to the substrate, 
with the thickness of the sheet being reduced to the 
desired thickness for the formation of microstruc- 20 
tures by mechanically removing a portion of the 
sheet, as by milling by a micromill. A preferred pho- 
toresist sheet is formed of substantially non-cross- 
linked linear polymethylmethacrylate which has a 
very high average molecular weight and which is es- 25 
sentially strain free. Either before or after the sheet 
of photoresist is reduced to the desired thickness, the 
photoresist may be patterned by exposure through a 
mask to radiation which will affect the susceptibility 
of the exposed photoresist material to a developer. 30 
Depending on the photoresist used, the radiation may 
be X-ray radiation such as from a synchrotron or, in 
appropriate cases, deep UV light. The exposed por- 
tions of the photoresist (or unexposed portions, de- 
pending on the type of photoresist) may then be re- 35 
moved in a suitable developer. 

. For carrying out the formation of electroplated 
microstructures utilizing the present invention, a 
plating base is applied to a substrate prior to the pho- 
toresist. A non-exposed photoresist may then be ad- 40 
hered onto the plating base, and the photoresist then 
exposed. The exposed portions are then removed us- 
ing a developer, and metal is then electroplated onto 
the exposed plating base to fill the area defined by 
the void(s) in the photoresist. The remaining photore- 45 
sist may then be removed. Where the photoresist is 
formed of non-crosslinked PMMA, removal can take 
place by utilizing a solvent which dissolves the non- 
crosslinked PMMA. Where a cross-linked PMMA 
sheet is utilized, an additional blanket exposure to 50 
synchrotron X-rays is required before the photoresist 
is removed. By utilizing the preferred non-crosslinked 
PMMA photoresist sheet, this additional exposure 
step can be avoided, which produces a significant 
savings in time and expense over procedures which 55 
require a blanket exposure. 

Where the photoresist is to be applied over exist- 
ing structures formed on a substrate, relatively thin 



coats of conventional photoresist, such as PMMA, 
may then be spun onto the substrate to cover the 
structures. The photoresist sheet is then placed on 
top of the spun on photoresist and the interface be- 
tween the two is wetted with a monomer. For exam- 
ple, with high molecular weight PMMA being utilized 
as the material of the photoresist sheet, a lower mo- 
lecular weight PMMAdissolved in a solvent is spun on 
to the substrate to cover the mechanical structures, 
and the monomer, liquid methylmethacrylate, is then 
applied to the interface between the two which re- 
sults in a solvent bonding of the materials at the in- 
terface. The preformed photoresist sheet Is generally 
much thicker than the spun on photoresist, which 
need only be thick enough to cover the existing struc- 
tures, typically a few microns or tens of microns in 
height. 

The adherence of a preformed photoresist layer 
onto the substrate, and the mechanical milting of the 
photoresist sheet to a desired thickness, results in a 
photoresist of any desired thickness which can be 
precisely controlled using the mechanical milling 
process. Good adhesion of the photoresist sheet to 
the substrate is obtained and with very low internal 
strain within the photoresist. Consequently, much 
thicker photoresist structures can be formed than has 
heretofore been possible utilizing conventional pho- 
toresist materials without substantial distortion of the 
walls of the photoresist during the process of expos- 
ing the photoresist and removing the exposed resist 
with developer. The photoresist of the invention may 
be utilized during more than one electrodeposition 
process, inasmuch as the preformed PMMA sheet ex- 
hibits much less crazing and other damage during the 
electro-plating process than is observed in conven- 
tional cast PMMA photoresist layers. 

The present invention may further be used to pro- 
duce photoresist structures which can be released 
from the substrate. The strain free photoresist sheet, 
e.g., PMMA, either linear or cross-linked, is adhered 
to a release layer on a substrate. After the photoresist 
sheet is patterned, the release layer may be removed 
by a remover which etches or dissolves the release 
layer without substantially affecting the remaining 
photoresist. Because the photoresist sheet is strain 
free, the photoresist parts which are thus freed from 
the substrate are dimensionally stable and will not 
distort or curl. 

The present invention also allows multiple layers 
of patterned photoresist to be constructed which can 
be applied to a substrate or utilized as a separate 
product. Such multiple layer structures allow the for- 
mation of metal structures by electrodeposition 
which can have a variety of shapes which vary in all 
three dimensions. For example, the metal structures 
may be formed having upper portions which are wider 
or which extend outwardly from the lower portions, 
and which undergo several variations in geometry 
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from the top to the bottom of the structure. Such mul- 
tiple layer photoresist structures can be formed in va- 
rious manners in accordance with the present inven- 
tion. In an- exemplary multiple layer process, a sec- 
ond layer of photoresist is bonded to the upper sur- 5 
face of the first layer after the first layer has been ex- 
posed but before it has been developed. The second 
layer is then milled to the desired thickness and an X- 
ray exposure of the second layer photoresist takes 
place. The exposed photoresist is then developed (re- io 
moved) and metal structures may be electroplated in 
the voids vacated by the exposed photoresist. Struc- 
tures having more than two layers may be built up in 
this manner. Generally, it is necessary when utilizing 
this process that the exposure for the second layer (or 15 
subsequent layers) either lie within the exposed re- 
gions in the first layer (or all underlying layers) or that 
the incident X-rays be sufficient to fully penetrate and 
expose all layers of photoresist. 

In another exemplary multilayer process, a layer 20 
of preformed photoresist (e.g. linear or cross-linked 
PMMA) which is not adhered to a substrate is ex- 
posed on one side. The photoresist sheet may be 
quite thick, e.g. Imm to 3mm, so that the incident X- 
rays do not necessarily cause sufficient exposure of 25 
the photoresist in all exposed areas to allow the pho- 
toresist sheet to be fully exposed ail the way through. 
The exposed photoresist may then be developed with 
a developer to remove it, and then the preformed 
sheet may be bonded to a substrate on the side which 30 
had been exposed and developed. The free side of 
the photoresist is then milled down to a desired thick- 
ness which is below the level at which all of the areas 
exposed to X-rays were sufficiently exposed so that 
they will be completely removed by the photoresist to 35 
leave a pattern of voids therein. This provides an ini- 
tial single layer structure which is equivalent to a 
structure produced by bonding a photoresist to a sub- 
strate first, and then a milling to a desired thickness 
and then exposing to X-rays and developing the ex- 40 
posed photoresist However, multiple photoresist lay- 
ers may be formed by treating a free sheet (unbond- 
ed to a substrate) of photoresist in this manner, 
whether the initial layer Is formed in this manner or is 
formed after being adhered to the substrate. For ex- 45 
ample, the second sheet of photoresist may be ex- 
posed to X-rays on one side in a desired pattern, the 
exposed photoresist developed to remove it, and then 
the surface of the photoresist which has been ex- 
posed may be bonded to the free surface of the first 50 
layer, with milling of the free surface of the second 
layer carried out to reduce the thickness of the sec- 
ond layer to below the level at which the exposed pho- 
toresist has been developed and fully removed to 
leave a pattern of voids. Third and additional layers 55 
may be formed in a similar manner. 

The preformed photoresist sheet may also be ex- 
posed on one side and a first layer bonded to a sub- 



strate (or to a previously applied photoresist layer) at 
the surface which had been exposed to X-rays, but 
without developing the exposed photoresist The 
sheet is then milled down to a level which is below the 
level at which the exposed photoresist would be fully 
removed from the developer. The photoresist may 
then be removed immediately. However, it is not nec- 
essary to do so, and a second preformed photoresist 
sheet may be treated in a similar manner, exposing 
one side to X-rays partially through, adhering the ex- 
posed side to the prior layer, and then milling down 
the second layer to a thickness such that all areas of 
the photoresist which were exposed to X-rays are suf- 
ficiently fully exposed so that they will be fully devel- 
oped. When the desired number of layers have been 
built up, the entire laminated structure may be devel- 
oped with a liquid photoresist developer to remove all 
of the exposed photoresist. In this process, it is nec- 
essary that the areas of exposed photoresist in each 
layer overlap one another so that the developer can 
work through the layers to remove all of the exposed 
photoresist Alternatively, the exposed regions must 
be accessible at the side edges of the laminate. 

In either of the above-processes, it is not essen- 
tial that the substrate be a metallic substrate. For ex- 
ample, the substrate may comprise a thick photore- 
sist sheet, or a variety of other materials, including a 
semiconductor wafer with or without electronic circui- 
try thereon. This initial thick photoresist sheet may 
also have been previously processed so that it con- 
tains either developed structures or undeveloped X- 
ray exposed regions. Additional photoresist layers 
are then bonded to the first layer and milled in se- 
quence to form a laminate, with the various layers 
either being developed before or after they are bond- 
ed together. The initial thick photoresist sheet which 
had acted as the substrate may then be milled at its 
exposed side to reduce it to a desired thickness which 
exposes either the developed photoresist in the sheet 
or the fully developed structures. The entire multilay- 
er laminate may then be bonded to a metal substrate 
for electrodeposition, or the laminate may be utilized 
itself as a structural component For example, the un- 
developed photoresist structure may Be formed in 
desired three dimensional shapes which can be util- 
ized for various purposes, for example as molds, or as 
structural components. Multilayer laminates can in- 
clude, for example, multiple channels which can be 
used to provide conduits for liquid or gases, or con- 
ductive paths. 

Where the photoresist sheet or laminate Is ap- 
plied to a semiconductor (e.g.. single crystal silicon) 
substrate having microcircuits formed thereon, the 
sheet or laminate may be fully exposed, and devel- 
oped if desired, as described above, before being ad- 
hered to the substrate. In this manner, no radiation 
need be applied to the photoresist when it is on the 
substrate which could damage microcircuits on the 
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substrate. • - j. , . 

Further objects, features and advantages of the 
invention will be apparent from the following detailed 
description when taken in conjunction with the ac- 
connpanying drawings. 5 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings: 

Fig. 1 is a simplified illustrative side view of a io 
substrate with existing micromechanical structures 
formed thereon. 

Fig. 2 is a view of the substrate of Fig, 1 with a 
coating of photoresist thereon. 

Fig. 3 is a view of the substrate of Fig. 2 with the is 
addition of a preformed sheet of photoresist on top of 
the initial layer of photoresist. 

Fig. 4 is a view of the substrate of Fig. 3 Illustrat- 
ing the application of a monomer at the interface be- 
tween the preformed sheet and the initial layer of 20 
photoresist, with a weight pressing the preformed 
sheet to the underlying layer. 

Fig. 5 is a view of the substrate of Fig. 4 after the 
preformed sheet is milled down to a desired thick- 
ness. 25 

Fig. 6 is an illustrative view showing the photore- 
sist and substrate of Fig. 5 exposed through an X-ray 
mask to X-ray radiation. 

Fig. 7 is an illustrative view showing the sub- 
strate and photoresist of Fig. 6 after the exposed pho- 30 
toresist has been developed. 

Fig. 8 is an illustrative view of the substrate of 
Fig. 7 after electroplating of metal into the areas from 
which the photoresist has been removed. 

- Fig. 9 is an illustrative view of the substrate with 35 
the micromechanical parts formed thereon after the 
remaining photoresist has been stripped from the 
substrate. 

Fig. .10 is a simplified illustrative side view of a 
substrate with a sacrificial layer formed thereon. 40 

Fig. 11 is a view of the substrate of Fig. 10 with a 
strain free photoresist sheet adhered to the sacrificial 
layer and thus to the substrate. 

Fig. 12 is an illustrative view showing the photo- 
resist and substrate of Fig. 11 exposed through an X- 45 
ray mask to X-ray radiation. 

Fig. 13 is an illustrative view showing the sub- 
strate and photoresist of Fig. 12 after the exposed 
photoresist has been developed. ' 

Fig. 1 4 is a perspective view of an exemplary free so 
part formed of photoresist material which may be 
formed in accordance with the invention. 

Fig. 15 is an illustrative side view of a substrate 
having a preformed photoresist sheet thereon which 
has been exposed and machined but with the ex- ss 
posed regions not yet developed. 

Fig. 16 is an illustrative view of the substrate of 
Fig, 15 after a second preformed photoresist layer is 



bonded onto the first layer and machined to a desired 
thickness. * ' 

Fig. 17 is an illustrative view showing the sub- 
strate and photoresist layers of Fig. 16 exposed 
through an X-ray mask to X-ray radiation. 

Fig. 18 is an illustrative view of the substrate and 
photoresist of Fig. 17 after the exposed photoresist 
has been developed. 

Fig. 19 is an illustrative side view of a relatively 
thick preformed sheet of photoresist exposed through 
an X-ray mask to X-ray radiation. 

Fig, 20 is an illustrative view showing the photo- 
resist sheet of Fig. 19, after exposure and develop- 
ment of the exposed photoresist, which is positioned 
to have its exposed surface bonded to a previously 
developed photoresist sheet on a substrate. 

Fig, 21 is an illustrative view showing the free 
photoresist sheet bonded to an underlying layer of 
photoresist with alignment of the developed regions in 
the two layers of photoresist. 

Fig. 22 is an illustrative view of the substrate and 
photoresist layers of Fig. 21 aftermachining of the top 
layer down to a thickness such that all of the devel- 
oped regions in the second photoresist sheet are ex- 
posed. 

Fig. 23 is an illustrative view of the substrate and 
photoresist layers of Fig. 22 with the addition of a third 
layer of photoresist which may be formed in the same 
manner as illustrated above in Figs. 19-22. 

Fig. 24 is an illustrative side view of a relatively 
thick preformed photoresist sheet exposed through 
an X-ray mask to X-ray radiation. 

Fig. 25 is an illustrative side view of the exposed 
but not developed photoresist sheet of Fig. 24 which 
is bonded to a layer of exposed but not developed 
photoresist on a substrate. 

Fig, 26 is an illustrative side view of the substrate 
and photoresist layers of Fig. 25 after the top layer of 
photoresist is machined down to a thickness such that 
all of the fully exposed regions of photoresist in the 
top layer are exposed. 

Fig. 27 is an illustrative view of the substrate with 
photoresist layers of Fig. 26 after development and 
removal of the exposed photoresist. 

Fig. 28 is an illustrative side view of a relatively 
thick preformed photoresist sheet exposed through 
an X-ray mask to X-ray radiation. 

Fig, 29 is an illustrative view of two relatively 
thick preformed photoresist sheets which are ex- 
posed to X-rays in the manner illustrated in Fig. 28 
and which have been developed to remove the ex- 
posed photoresist. 

Fig. 30 is an illustrative view showing the two lay- 
ers of preformed, exposed and developed photoresist 
sheet of Fig. 29 bonded together at their exposed sur- 
faces. 

Fig. 31 is an illustrative view of the photoresist 
layers of Fig. 30 after the top layer has been ma- 
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chined down to a thickness which fully exposes the 
developed regions of the top photoresist layer. 

Fig. 32 is an illustrative view of the photoresist 
layers of Fig. 31 with the addition of another photore- 
sist layer which is formed in the manner illustrated 5 
above with respect to Figs. 28-31. 

Fig. 33 is an illustrative view of the multilayer 
photoresist laminate of Fig. 32 with the free surface 
of the top layer bonded to a substrate and before ma- 
chining down of the thick photoresist layer. 

Fig. 34 is an illustrative side view of portions of 
a photoresist layer, on a substrate to illustrate the for- 
mation of alignment holes in the photoresist layer. 

Fig. 35 is an illustrative view of the substrate with 
photoresist structure of Fig. 34 with alignment pegs 15 
inserted in the alignment holes. 

Fig. 36 is an illustrative side view of a relatively 
thick preformed photoresist sheet which has been ex- 
posed on one surface to X-ray radiation and devel- 
oped to remove exposed photoresist In various re- 20 
gions, including regions which are sized and posi- 
tioned to constitute alignment holes. 

Fig. 37 is an illustrative view showing the pre- 
formed photoresist sheet of Fig. 36 drawn into align- 
ment with the structure of Fig. 35 by insertion of the 25 
alignment pegs in the alignment holes of the pre- 
formed photoresist sheet. 

Fig. 38 is an illustrative view of the substrate and 
photoresist layers of Fig. 37 after machining of the top 
layer of photoresist down to a thickness which ex- 30 
poses the alignment holes and the other exposed re- 
gions in the top layer. 

Fig. 39 is an illustrative view of the insertion of 
additional alignment pegs into the alignment holes 
left in the top layer of the photoresist sheet of Fig. 38. 35 

Fig. 40 is an illustrative view of the structure of 
Fig. 39 with the addition of a third layer of photoresist 
sheet and a third set of alignment pegs which are 
formed in the same manner as described above. 

Fig. 41 is an illustrative view of the structure of 40 
Fig. 40 with metal electroplated into the open regions 
left in the multiple layers of photoresist of the struc- 
ture of Fig. 40. 
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The present invention may be utilized in the for- 
mation of microstructures as carried out in LIGA proc- 
esses and extensions thereof. Exemplary processes 
for carrying out the production of micromechanical 50 
metal structures is described in U.S. patent 
5.190,637, entitled Formation of Microstructures by 
Multiple Level Deep X-Ray Lithography With Sacrifi- 
cial Metal Layers. The present invention may also be 
utilized for producing patterned photoresist which 55 
may be used for other applications, as where the pho- 
toresist is used directly for purposes unrelated to pro- 
viding a mold for the electro-deposition of metal. The 



process allows the formation of thick photoresist 
structures which enjoy substantially no internal strain 
after adherence to the substrate, good adhesion to 
the substrate, and generally ready removability from 
the substrate without substantial additional process- 
ing, with photoresist thicknesses up to 1,000 microns 
being readily achievable. Films cast directly onto a 
substrate in comparable thicknesses inevitably ex- 
perience internal strain which detracts from the integ- 
rity of the films, increases the likelihood of poor ad- 
hesion to the substrate, and leads to crazing of the 
films. The present invention may be utilized with rel- 
atively thin layers of spun on film as part of a multiple 
layer structure, as described below, with the spun on 
film thicknesses typically being in the range of 5 ^im 
or less, and in multilayer structures formed from two 
or more preformed photoresist sheets. 

In the present invention, a preformed photoresist 
sheet, preferably one formed of linear (non-cross 
linked), high molecular weight (>2 million) polyme- 
thylmethacrylate (PMMA), may be adhered to a sub- 
strate before or after patterning in a manner which 
firmly bonds the preformed sheet to the substrate 
without introducing internal strain in the substrate. 
The preformed sheet may be commercially obtained, 
and generally will have little or no internal strain as- 
sociated with it in its free form. As used herein, a 
strain free preformed photoresist will not substantial- 
ly mechanically distort after portions of the photore- 
sist are exposed and removed or when the remaining 
photoresist is released from the substrate. The pre- 
formed sheet is adhered to the surface of the chosen 
substrate utilizing a suitable adhesive. In the present 
invention, a preferred adhesive layer for use with a 
preformed PMMA sheet is a relatively thin spun on 
film of PMMA which is applied to the substrate in a 
conventional manner and cured and forms a strong 
bond to the substrate. Because the initial spun on film 
of PMMA is relatively thin (1 ^im to 5 ^tm or less), the' 
initial spun on film is not subject to the adhesion prot)- 
lems, internal strain problems, and crazing which is 
commonly associated with the much thicker (25 ^m to ' 
200 ^im) films which are utilized in LIGA processing. 
Because the initial PMMA film layer will be covered 
by the preformed PMMA sheet, and is relatively thin 
the initial PMMA layer will not suffer crazing during 
the electrodeposition process and does not need to 
have a crosslinking agent added to it to maintain the 
integrity of the film. Consequently, by using a non- 
crosslinked preformed PMMAsheetof high molecular ' 
weight PMMA. the entire photoresist may be readily 
removed using a suitable solvent after the patterning 
and deposition of the metal have occurred, withoutre- 
quiring a blanket exposure to X-rays or UV of the en- 
tire surface of the substrate on which the photoresist 
film is formed. This eliminates a time consuming and 
relatively expensive final step which has been here- 
tofore an essential step in LIGA processing. Adhesion 




between the preformed PMMA sheet and the initial 
PMMA layer may be readily obtained by utilizing me- 
thylmethacrylate (MMA) monomer liquid applied to 
the interface between the preformed sheet and the 
initial layer The monomer wicks through the interface 
between the two layers by capillary action, causing 
a bond between the preformed sheet and the initial 
layer, and is released by diffusion through the pre- 
formed sheet after a sufficient period of time. The 
preformed sheet adhered to the substrate may be 
mechanically worked, as by milling, to reduce the 
thickness of the layer to a precise height above the 
surface of the substrate, e.g., by using commercial 
ly available micromilling equipment. 

After the photoresist has been applied and milled 
to the desired thickness, it may be patterned in a con- 
ventional manner, such as by using X-ray radiation 
from a synchrotron and an X-ray mask, to render 
areas of the photoresist susceptible to removal by a 
developer liquid. High nnolecular weight, linear PMMA 
exhibits good selectivity to conventional developers 
so that the unexposed PMMA is not substantially af- 
fected by the developer, while the exposed PMMA, 
which consists of PMMA molecules of substantially 
shorter length as a result of molecular chain scission 
from the radiation exposure, is readily dissolved by 
the developer. 

The process can further be extended to the for- 
mation of additional microstructures on a substrate 
on which relatively thin microstructures have already 
been formed. The basic process and the extended 
process nnay both be illustrated with respect to the 
views of Figs. 1-9. With reference to Fig. 1. a sub- 
strate 11, e.g., single crystal silicon, glass, quartz, 
etc., may have previously formed microstructures 12 
thereon. These microstructures will typically be in the 
range of a few ^m in thickness (e.g., 2.5 jim). In typ- 
ical. LIGA processing, a metal plating base 13 is 
formed on the top surface of the substrate 11 to pro- 
vide a base for the structures 12 which are deposited 
by electroplating onto the plating base 13. The next 
step, as illustrated in Fig. 2, is the spinning on of a lay- 
er of liquid linear PMMA, e.g.. 496 k molecular weight 
•PMMA in a layer IS'on the surface of the substrate 
1 1 (over the plating base 1 3) and over the microstruc- 
tures 12. 

As illustrated in Fig. 3, a preformed photoresist 
sheet 17 of linear PMMA is then placed on top of the 
spun-on layer 15 of PMMA. The exposed interface 18 
between the layer 15 and the preformed sheet 17 is 
then wetted with the monomer, in this case MMA, and 
the sheet 17 is pressed against the layer 15 in a suit- 
able manner, for example, using a piece of aluminum 
foil 20, a layer of steel wool 21 and a mass 22 to pro- 
vide a controlled, evenly distributed pressure to the 
preformed sheet 17. After a suitable period of time, 
the weights 21 and 22 and the foil 20 are removed, 
and the monomer is allowed to diffuse through the 
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preformed sheet 17. Thereafter, the substrate is 
placed in a micromill and the layer 17 is milled down 
to a desired thickness at a selected height above the 
. top surface of the substrate 11. 
5 With reference to Fig. 6, the sheet 17 and the lay- 

er 15 are exposed in a pattern to X-rays 24 through 
an X-ray mask 25 having an X-ray absorber 26 there- 
on in a pattern. The X-rays, or in appropriate cases, 
UV radiation, which is passed by the mask is incident 
10 on areas 27 in the photoresist 17 and the underlying 
layer 1 5. These areas 27 experience chain scission of 
the high molecular weight material therein and thus 
become susceptible to removal by a developer. The 
resulting structure is illustrated in Fig. 7 where the 
15 exposed areas have been removed by a developer to 
leave openings 29 in the layer 17, some of which bot- 
tom out on the plating base 13 on the surface of the 
substrate 11, and others of which may expose all or 
part of the original microstructures 12 which were on 
20 the substrate. As illustrated in Fig. 8. metal is then 
electroplated into the openings 29 in a conventional 
manner to provide metal structures 30 on the sub- 
strate in addition to the original metal structures 12. 
The final step involves the removal of all the remain- 
25 ing photoresist, both the initial PMMA layer 15 as well 
as the remainder of the preformed sheet 17, to leave 
the free standing metal structures 12 and 30 on the 
surface of the substrate 11. The free standing struc- 
tures 30 may be quite high, since they can be as high 
30 as the thickness of the milled photoresist sheet 17. 
Exemplary structures may be formed to a height of 
200 tam to 300 ^m or greater, allowing structures to 
be formed at thicknesses which were not heretofore 
readily obtainable using conventional LIGA process- 
35 ing techniques. 

An X-ray sensitive preformed photoresist layer of 
50 ^im to 1 000 |im or greater can be prepared on a va- 
riety of substrates. Because the present invention re- 
quires no heat cycles once the resist is attached, the 
40 thermal. expansion mismatch between the thick resist 
layer and the substrate is negligible. The resulting re- 
sist layer has very good adhesion and very low inter- 
nal stress. 

Exemplary processing procedures in accordance 
45 with the invention are described below. These proce- 
dures use the following materials: adhesion promoter, 
APX-K1, from Brewer Science, Inc., P.O. Box GG, 
Rolla, MO 65401; liquid photoresist, 496 k PMMA pho- 
toresist, from OLIN HUNT/OCG, 3 Garret Mountain 
50 Plaza, West Paterson, NJ 07424, comprising polyme- 
thylmethacrylate with molecular weight of 496,000 
dissolved in chlorobenzene (9 wt %); preformed poly- 
methylmethacrylate sheet, from Goodfellow, Suite 
140, 301 Lindenwood Drive, Malvern, PA 19355- 
55 1758, comprising polymethylmethacrylate (PMMA) 
with weight average molecular weight greater than 2 
million (M^/Mn approximately 2-3), not appreciably 
crosslinked; methyl methacrylate monomer, from Al- 
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drich Chemical Company. Inc.. 1001 West Saint Paul 
Avenue, Milwaukee, Wl 50233. 

Procedure for Preparing Thick PMMA Resist Layer 
on Smooth Metalized Surface 

An initial step involves preparation of the sub- 
strate for formation of micromechanical structures. A 
typical substrate is a Si wafer, covered with about 1 
l^m Si02. Ametal plating base is then applied. Atypical 
base includes a firs't layer of 200 An, DC sputtered, 
followed by a second layer of 200 A Ni, DC sputtered. 
The substrate is then removed from the sputter sys- 
tem, and the adhesion promoter, APX-K1, is spun-on 
at 3000 rpm, for 30 seconds, followed by a 30 second 
hotplate bake at 145"* C. The use of the adhesion pro- 
motor is optional, and may be omitted in many appli- 
cations. A layer of 496 k PMMA (9 wt%) is then spun- 
on at 2000 rpm for 60 seconds. The wafer is then sub- 
jected to a bake/anneal cycle: 60* C/hr to 1 80*' C. 1 SO** 
C 'for 1 hour, then 60** C/hr to room temp. 

The preformed PMMA sheet (e.g.. 1/2" x 3/4'*) is 
then placed near the center of substrate. Using a mi- 
cropipet, 10 nl of methyl methacrylate is introduced to 
the edge of the sheet to be glued-down. The interface 
is wet with the methyl methacrylate as a result of ca- 
pillary action. 

The sample is then covered with aluminum foil 
and lightly weighted using a 1/2" thick piece of steel 
wool (wrapped with aluminum foil) and a weight of ap- 
proximately 1 kg. The sample should remain covered 
for at least 1 hour, after which the weights and alumi- 
num foil can be removed and the sample stored in a 
vented wafer box (preferably N2 purged). 

To avoid cracking of the film during or shortly af- 
ter milling, the monomer should be allowed to diffuse 
and evaporate from the film for a minimum of 8 hrs. 
Following the 8 hour drying period, the sample may 
be milled to the desired thickness. The PMMA photo- 
resistformed in the foregoing manner is both deep UV 
and X-ray sensitive, and is compatible with the re- 
maining steps of conventional LIGA processing. The 
thick resist layer may be removed through immersion 
in methylene chloride. 

Procedure for Preparing Thick PMMA Resist Layer 
on Non-Planar Substrate 

For substrates having existing structures there- 
on, the following is an exemplary process. A typical 
substrate may be a 3" Si wafer with metal structures 
of about 2.5 (im step heights. 

First, the adhesion promoter, APX-K1, is option- 
ally spun-on at. e.g.. 3000 rpm. for 30 seconds, fol- 
lowed by a 145° C, 30 second hotplate bake. Then, 
496 k PMMA (9 wt%) is spun-on. with a 1 0 second de- 
lay prior to spinning, at 2000 rpm, for 30 seconds. A 
bake/anneal cycle follows: 60° C/hr to ISC'* C, 180°C 



for 1 hour, then 60° C/hr to room temperature. Another 
. 496 k PMMA (9 wt%) layer is spun-on, with a 1 0 sec 
delay prior to spinning, at 2000 rpm, for 30 seconds. 
A bake/anneal cycle as above follows. 
5 The preformed photoresist sheet is then adhered 

to the 496 k PMMA layer as described above. Pre- 
formed photoresist sheets with thicknesses of 1 mm 
are commercially available and readily handled. After 
being- adhered to the substrate as described above, 
10 the preformed layer may be milled to a desired thick- 
ness (to within ± 2.5 jam) with surface finish of less 
than±0.1 jam, using a fly cutter with either a diamond 
or a CBN (cubic boron nitride) tool. An example of a 
suitable milling machine is a Jung/Reichert potycut E 

15 ultramiller. The resist layer obtained has very good 
adhesion and appears to have very low internal 
stress. Removal of this thick resist does not require a 
blanket exposure. Since the resist is composed of lin- 
ear polymethylmethacrylate, removal may be accom- 

20 plished through dissolution in a suitable solvent To 
prevent excessive swelling and cracking of the resist, 
which could damage adjacent, delicate metal struc- 
tures, methylene chloride is generally suitable as the 
solvent. To clear 200 jim to 300 jim of resist, the sam- 

25 pie is immersed in 200 ml of CH2CI2 for 20 to 30 min- 
utes, then again into 100 ml CH2CI2 to rinse. An oxy- 
gen plasma may also be employed as a final clean. 

Procedure For Preparing Released PMMA 
30 Photoresist Structures 

Free structures formed of photoresist, such as 
PMMA. may also be formed in accordance with the 
present invention. The process for producing such 

35 structures is illustrated with respect to Figs. 10-14. 
Referring initially to Fig. 10. the process begins with 
the application of a thin sacrificial layer 40 onto a sub- 
strate 41. The substrate typically has a planar sur- 
face on which the sacrificial layer 40 is formed, and 

40 may be made of a variety of materials, e.g., a silicon 
wafer, glass, metal, or various plastics. The material 
of the sacrificial layer may be any of a variety of ma- 
terials which is resistant to attack from the photoresist 
developer. For example, where the photoresist is 

45 PMMA, the sacrificial layer of material must be resis- 
tant to a typical PMMA developer such as morpholine, 
2-(2-butoxyethoxy) ethanol, ethanolamine, and wa- 
ter. The sacrificial layer of material must also be se- 
lectively removable by a remover which does not at- 

50 tack the photoresist, e.g.. PMMA: For a PMMA pho- - 
toresist, examples of suitable sacrificial layers are ti- 
tanium (sputtered on to the substrate), which can be 
removed with dilute hydrofluoric acid, and partially ' 
imidized polyimide (which is spun on the substrate), " 
55 with a suitable remover for the polyimide being am- 
monium hydroxide. A soft PIRL polyimide material 
available from Brewer Science can be utilized as the 
sacrificial layer, as described in the aforesaid U.S. pa- 
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tent 5.190,637. . . - ■ ./^ * - ' 

As illustrated in Fig. 10» the preformed strain- 
free photoresist sheet, for example, the preferred 
PMMA sheet described above, is then adhered as a 
layer 42 to the sacrificial layer 40 in the manner de- 
scribed above. The layer may be milled down as de- 
scribed above to reach a desired thickness less than 
the Initial sheet thickness. 

As illustrated in Fig. 12, an X-ray mask 44 having 
X-ray absorbing patterns 45 formed thereon provides 
a pattern exposure from synchrotron radiation X-rays 
46 to provide exposed patterns 47 in the photoresist 
sheet 42. The exposed photoresist is then developed 
using a high selectivity developer, as described 
above, to remove the exposed photoresist 47, leav- 
ing, in the exemplary structure of Fig. 13, isolated 
photoresist structures 48 adhered to the sacrificial 
layer 40. A remover of the sacrificial layer is then ap- 
plied to the sacrificial layer in the substrate to selec- 
tively etch away the sacrificial layer 40. thereby free- 
ing the structures 48 from the substrate. An example 
is shown in Fig. 14 of a free part which has the form 
of a lens, which, as shown in Fig. 14, has a body with 
sidewalls substantially perpendicular to the top and 
bottom surfaces of the body. By using the processes 
described above, these structures may be formed 
with at least one of the top or bottom surfaces of the 
body being milled, and with the thickness of the body 
between the top and bottom surfaces typically being 
less than about 1 mm. Where PMMA is utilized as the 
photoresist, a structure formed in this manner may 
have useful optical properties inasmuch as the 
PMMA is a substantially transparent material and 
thus is well suited for use as a lens. Of course, many 
other types of structures may be formed in this man- 
ner which can be separated from the substrate. In ad- 
dition, the PMMA structures 48 remaining on the sac- 
rificial layer may be interconnected, having patterned 
openings therein, which, when removed from the sac- 
rificial layer, may be utilized as molds for molding of 
other parts. A separated PMMA sheet with holes of 
desired size formed therein may also be utilized as a 
filter or sieve having desired flovy properties through 
the openings formed in this manner. If desired, the ini- 
tial PMMA sheet may be cross-linked so that the com- 
pleted parts are also of cross-linked PMMA. 

Because the preformed photoresist sheet is sub- 
stantially strain-free, when the parts 48 are freed 
from the substrate upon removal of the sacrificial lay- 
er, the parts have substantially no internal strain 
therein and will not substantially mechanically distort 
or curl, as is commonly the case with photoresist ma- 
terials, such as PMMA, which are applied in liquid 
form to a substrate and cured to solidify the photore- 
sist. 



Formation-of Multilayer Photoresist Structures 

In accordance with the present invention, multi- 
layer photoresist structures comprising laminates of 
5 two or more preformed photoresist sheets, or a cast 
layer and one or more preformed sheets, can be pro- 
duced for use either as forms for producing three di- 
mensional metallic parts of a desired geometry, or for 
their own utility as structural components. Such 
10 structures are obtained utilizing the foregoing proce- 
dures in accordance with the invention. A variety of 
process sequences are possible to obtain such mul- 
tilayer structures. 

In a first exemplary process sequence, illustrat- 
es ed in Figs. 1 5-1 8, a substrate 50 has a layer 51 of pho- 
toresist formed thereon which has exposed regions 
52. The photoresist layer 51 may constitute a pre- 
formed photoresist sheet exposed and machined as 
described above. However, if desired, the initial layer 
20 51 may be formed in a more conventional manner as 
a cast layer of, e.g., PMMA, which is cured and cross- 
linked and exposed in a pattern to X-rays. Next, as il- 
lustrated in Fig. 15, a preformed photoresist sheet 54 
(e.g., linear PMMA as described above) is then bond- 
25 ed to the first layer 51 and machined down to a de- 
sired thickness. As illustrated in Fig. 1 7, X-rays 55 are 
passed through an X-ray mask 56 having X-ray ab- 
sorbing material 57 in a pattern thereon to expose re- 
gions 58 in the second layer 54. The regions 58 may 
30 lie entirely within underlying areas 52 so that only 
these previously exposed regions 52 receive X-rays 
during the exposure of the second layer 54. Alterna- 
tively, the thicknesses of the layers 51 and 54. and 
the length and intensity of the exposure of the X-rays 
35 55, may be selected so that X-rays passed through 
the mask 56 penetrate entirely through both the lay- 
ers 54 and 51 to fully expose the regions underlying 
the open areas of the mask 56 in both of the layers 
51 and 54. The latter case is illustrated in Fig. 17 
40 where the X-rays 55 expose additional regions of the 
first layer 51 beyond the original exposed regions 52. 
Of course, it is understood that the mask 56 is two di- 
mensional, and there may be and generally will be 
some areas of the regions 52 which will not receive 
45 any X-ray exposure from the X-rays 55 and some 
areas of the first layer 51 where the X-rays 55 will not 
extend beyond the previously exposed regions 52. 

The foregoing process can be repeated for as 
many layers as desired even though only two are 
50 shown in Fig. 17. When exposure of the last layer is 
completed, the photoresist in the exposed regions 
can then be removed by applying liquid developer to 
the photoresist to leave void regions 60 into which 
metal may be electroplated in the manner described 
55 above. The multiple layers 51 and 54 which form a 
laminate on the substrate 50 may then be removed, 
if desired, in the manner described above. Generally, 
the regions 58 in the second layer (or subsequent lay- 
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ers) should overlap at least in part all underlying void 
regions 52 in the first layer 51 so that the .developer 
liquid can reach the regions 52 in the first layer. When 
all of the exposed photoresist is removed, voids 60 
.are left in the multilayer laminate. 5 

Each of the layers 51 and 54 (and additional lay- 
ers) may be formed from a typical commercially avail- 
able photoresist sheet, which is commonly in the Imm 
to 3mm thickness range, formed of a high molecular 
weight X-ray sensitive material e.g., PMMA as descri- io 
bed above. The bonding of a preformed sheet to an 
underlying surface of a photoresist sheet may be ac- 
complished by solvent bonding as described above, 
using methyl methacrylate (MMA) which wets the in- 
terface between the two adjoining sheets, but other 15 
bonding techniques which do not substantially dam- 
age the structural integrity of the photoresist sheets 
are also acceptable. Where the photoresist sheets 
are linear or relatively low molecular weight PMMA, 
the MMA monomer will generally provide adequate 20 
solvent bonding of the two sheets. If a highly cross- 
linked PMMA sheet is to be adhered on an underlying 
cross-linked PMMA sheet, a procedure as described 
above for adhering a PMMA sheet to a general sub- 
strate may be used. For example, a layer of relatively 25 
low molecular weight PMMA (e.g., 496 k PMMA) in a 
solvent may be spun on in a thin layer and cured. The 
MMA monomer can act on the low molecular weight 
PMMA layer to provide solvent bonding between that 
layer and the highly cross-linked PMMA sheet. The 30 
low molecular weight PMMA layer is also sensitive to 
X-ray exposure and will be patterned in the same way 
as the preformed PMMA sheet. 

Another multiple layer process sequence is illu- 
strated in Figs. 19-23. As illustrated in Fig. 19. a fairly 35 
thick sheet of preformed photoresist 62 (e.g.. 1mm to 
3mm PMMA) is exposed to X-rays 63 through an X- 
ray mask 64 having X-ray absorber 65 formed there- 
on in a pattern. The regions 66 which are exposed to 
the X-rays passed through the mask 64 receive a suf- 40 
ficient X-ray exposure to render these areas suscept- 
ible to a photoresist developer. However, in this case, 
the photoresist sheet 62 is sufficiently thick that the 
regions 66, which are sufficiently exposed to the X- 
rays so as to render these areas susceptible to a de- 45 
veloper, extend only partially through the thickness of 
the photoresist sheet 62. For example, the depth of 
the region 66 may only be a few hundred microns or 
less where the entire sheet 62 may have a thickness 
of 1 ,000 microns (1 mm) or more. 50 

After the preformed photoresist sheet 62 is ex- 
posed to X-rays,-the sheet has a liquid developer ap- 
plied to it which removes the photoresist in the regions 
66 to leave open regions 67, as illustrated in Fig. 20. 
The preformed sheet 62 is then joined with a previ- 55 
ously formed layer 69 of photoresist having devel- 
oped areas 70,.with the layer 69 being mounted on a 
substrate 71 . The layer 69 can be formed on the sub- 



strate 71 in any of the various ways described above 
(e.g., casting liquid PMMA or the use of a preformed 
photoresist). The preformed photoresist sheet 62 is 
then aligned with the underlying photoresist layer 69 
and bonded to the surface of that layer so that the 
void regions 67 in the second layer preformed sheet 
62 align with the void regions 70 in the first layer 69. 
Thereafter, as illustrated in Fig. 22. the photoresist 
sheet 62 is machined down to a thickness which is 
less than the height of the regions 67 above the sur- 
face of the sheet 62, fully opening up the regions 67 
and allowing communication to the underlying re- 
gions 70 in the first photoresist layer 69. The forego- 
ing process can be repeated as many times as de- 
sired to build up a multilayer laminate, as illustrated 
in Fig.. 23 in which a third photoresist layer 73 having 
open regions 74 is bonded to the second photoresist 
layer 62. The geometry of the openings in the lamin- 
ate, defined by the open regions 70. 67 and 74 in the 
three layers, can be relatively arbitrary. These re- 
gions can then be filled with metal by electrodeposi- 
tion as described above. When the multiple layers 73, 
62 and 69 are removed (e.g., with a blanket developer 
as described above), metal structures remain on the 
substrate 71 which can have a variety of three dimen- 
sional shapes of substantially arbitrary geometry. 

It should also be understood that in the process 
of Figs. 1 9-23, the preformed and developed sheet 62 
may be adhered as described above to any other suit- 
able substrate; i.e.. the substrate 71 and first layer 69 
effectively comprise a "substrate" to which subse- 
quent layers of photoresist may be adhered. The 
process is general. For example, the substrate may 
comprise a wafer of silicon on which mlcrocircuits are 
formed in conventional semiconductor processing 
techniques. The developed photoresist sheet 62 may 
be adhered to the silicon substrate to cover the circui- 
try thereon. Because the photoresist sheet 62 has 
been exposed to X-rays separately before it is attach- 
ed to the substrate, no X-ray exposure of the sub- 
strate is required and damage to circuitry on the sub- 
strate is avoided. The layer 62 may be machined 
down to expose the voids 67. which can allow access 
to portions of the circuitry thereunder. For example, 
the voids 67 may be chosen to align to electrical con- 
necting pads foran integrated circuit on the substrate, 
with conducting metal being electroplated into the 
voids to provide upright connections to these con- 
ducting pads. If desired, the photoresist may then be 
removed as described above, or it may be left on the ' 
integrated circuit to protect it. PMMA is an advanta- 
geous material for such purposes since it is generally 
transparent and may be used to cover optically active 
devices on the substrate. - - 

In a variation of the foregoing process sequence, 
a relatively thick sheet of photoresist 80 is exposed to 
X-rays 81 through an X-ray mask 82 having X-ray ab- 
sorber material 83 in a pattern thereon to define re- 
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gions 85 in the side of the photoresist sheet 80 which 
are exposed to X-rays and which are susceptible to 
being removed by a developer, as illustrated in Fig. 
24. However, rather than rennoving the photoresist in 
the regions 85 immediately by applying a developer, 
the photoresist sheet is adhered at its exposed side 
to a first photoresist layer 87, having regions 88 there- 
in that have been exposed to X-rays and are suscept- 
ible to a developer, with the first layer 87 being ad- 
hered to a substrate 89, as illustrated in Fig. 25. 
Thence, as shown in Fig. 26, the. second layer 80 is 
machined down until it is of a thickness such that the 
X-ray exposed regions 85 are reached and fully ex- 
posed at the free surface of the layer 80. This process 
may be repeated to form a photoresist laminate of as 
many layers as desired. After the desired number of 
layers is reached, the entire structure is exposed to 
a developer which removes all of the exposed photo- 
resist.. This is illustrated in Fig. 27 for the two layer 
structure in which the photoresist has been removed 
from the regions 88 in the first layer 87 to leave open 
regions 90. and from the regions 85 in the second lay- 
er 80 to leave for open regions 91. The regions 85 and 
88 generally must be contact with each other to allow 
the developer liquid to reach the regions 88. or. alter- 
natively, the regions 88 must be exposed at a side 
edge of the laminated structure so that the developer 
can reach these regions from this side edge. Gener- 
ally, it is preferred that the regions 85 and 88 overlap 
each other to provide good removal of the exposed 
photoresist by the developer. If the structure illustrat- 
ed in Fig, 27 is not the final product that is desired, but 
rather it is desired to use it as a mold to form metal 
structures, metal can be electroplated into the open 
regions 90 and 91 in the manner described above, 
and the layers 80 and 87 of photoresist can then be 
removed to leave the metal structures on the sub- 
strate. 

Either of the two foregoing process sequences 
can be carried out utilizing a preformed photoresist 
sheet having X-ray exposed areas therein as the sub- 
strate. The preformed photoresist sheets in normal 
thicknesses {1-3mm, or even greater as desired) are 
'sufficiently strong and have sufficient structural in- 
tegrity to allow such sheets to be used as substrates 
on which one or more layers of photoresist are formed 
and machined. Ari exemplary process sequence 
(similar^to the sequence of Figs. 19-23) is shown in 
Figs. 28-33. However, it should be understood that an 
essentially identical process can be carried out using 
the sequence of steps as in Figs. 24-27. wherein the 
exposed photoresist is removed after all of the pho- 
toresist layers have been adhered together in the 
laminate. Referring to Fig. 28, a relatively thick pre- 
formed photoresist sheet 100 is exposed to X-rays 
101 passed through an X-ray mask 102 having X-ray 
absorber 103 thereon in patterns which result in re- 
gions 105 in the preformed sheet 100 which are suf- 



ficiently exposed to X-rays to be removed by devel- 
oper, but with the regions 1 05 extending only part way 
through the thickness of the photoresist sheet 100. 
The photoresist sheet 100 is then exposed to a liquid 
5 developer which removes the exposed photoresist in 
the regions 105. Another photoresist sheet 108 is 
formed by a similar process to have void regions 109 
therein. The two relatively thick photoresist sheets 
100 and 108 are then bonded together at their ex- 
10 posed surfaces in a properly aligned manners© that 
the void regions 106 and 109 properly align with each 
other, as illustrated in Fig. 30. The layer 1 00 may then 
be machined down to a thickness wherein the regions 
106 are fully exposed, as illustrated in Fig. 31. Afur- 
.15 ther photoresist sheet 110 having open regions 111 
■therein may be formed on the two layers 100 and 108 
in an entirely identical manner. After the desired num- 
ber of layers are formed in the laminate, the laminate 
may. if desired, then be bonded to a substrate 113 
20 which has a surface thereon appropriate for electro- 
deposition of metal, as illustrated in Fig. 33. The now 
top layer photoresist sheet 108 may then be ma- 
chined down to a thickness which exposes the open 
regions 109. allowing electrodeposition of metal into 
25 all of the regions 109, 106 and 111. 

However, it should be understood that the lamin- 
ate of layers 108, 100 and 110 of photoresist may it- 
self have independent utility without being bonded to 
a substrate as a mold for electrodeposition. For ex- 
30 ample, the open regions 106, 109 and 111 may com- 
prise multiple fluid channels to allow routing of liquids 
or gases through the laminate for use in pressure sen- 
sors, alarm devices, hydraulic or pneumatic actua- 
tors, etc. The channels formed by such open regions 
35 may be sealed off in the laminate structure of Fig. 32 
by simply attaching another layer of photoresist to the 
exposed surface of the laminate. In essence, such a 
structure is shown in Fig. 33 in which the substrate 
113 may simply serve the purpose of closing off the 
40 open regions 111. and may, if desired, be formed of 
any of a variety of materials, including a preformed 
photoresist sheet, or metal, or ceramic materials. Fur- 
ther, it is seen that the structure of Fig. 30 allows mul- 
tiple channel structures to be formed with only two 
45 layers without machining of either layer when proper- 
ly joined and aligned so that the open regions 1 06 and 
109 are properly positioned with respect to each 
other. 

Although the invention has been exemplified 
50 above with PMMA sheets, a positive photoresist, it is 
understood that the invention can also be carried out 
using a negative photoresist in which exposure to ra- 
diation renders the material less susceptible to a de- 
veloper. 

55 The joining together of two or more separately 

formed layers of photoresist, which have either void 
regions or regions exposed to X-rays therein, such 
that these regions are in proper alignment to each 

11 
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Other, requires reasonably precise alignment of each 
layer. Generally, it is desired to be able to maintain tol- 
erances to a micron or less. The use of a relatively 
thick photoresist can contribute to large alignment 
gaps. Relatively precise alignment and damping pro- 
cedures are required. Commercially available equip- 
ment for optical alignment of X-ray masks maybe util- 
ized to align the multiple layers, but such equipment 
is relatively expensive. 

Aiignmentof the various exposed photoresist lay- 
ers can be obtained by creating mechanical align- 
ment structures during exposure of each layer and 
then using these alignment structures to obtain 
mechanical registration between each layer and a 
subsequent layer. Exemplary alignment structures 
can consist of relatively large (e.g., 1 mm diameter) 
holes on opposite sides of the exposure area which 
can accept pegs which may be formed of a photore- 
sist material itself (e.g.. PMMA) or metal. Alignment is 
established by assembling the subsequent layer onto 
the pegs and gluing of the photoresist sheet to the un- 
derlying layer. Self-alignment is obtained because the 
alignment holes are exposed at the same time as the 
. desired pattern in the layer, and therefore the align- 
ment tolerance is governed by assembly tolerances. 

The alignment procedure is illustrated in the 
views of Figs. 34-41 . With reference to Fig. 34. a sub- 
strate 120 is shown having a first layer 121 of photo- 
resist formed on it (in any manner) which has align- 
ment openings 122 formed therein (e.g.. cylindrical 
openings) and void regions 123 which constitute the 
desired structural openings. The exposure and mask- 
ing processes that are carried out to form the open- 
ings 122 and 123 are as described above so that the 
openings 122 and 123 are formed at the same time; 
therefore, the relatively position of the openings 122 
with respect to the openings 123 is precisely control- 
led. The substrate 120 may have a metallic plating 
base if desired. 

Alignment pegs 125 are then inserted in the 
openings 122 as illustrated in Fig. 35. These pegs can 
be formed of metal by various techniques (they are 
relatively large, e.g., 1 mm in diameter) or the pegs 
can be made of the material of the photoresist, such 
as PMMA. which may be formed as free structures in 
the manner as described above with respect to Figs. 
1 2- 1 4. A second layer of preformed photoresist sheet 
131 is then formed as shown in Fig. 36, having align- 
ment openings 1.32 and structural void regions 133 
therein which extend partially through, but not neces- 
sarily entirely through, the relatively thick (e.g.. 1 mm 
PMMA film) photoresist sheet. The second layer pho- 
toresist sheet 131 is then aligned with the first sheet 
by inserting the portions of the pegs 125 that pro- 
trude above the exposed surface of the first layer 1 22 
into the alignment openings 132 in the second layer 
131. Again, the control of the relative position of the 
alignment openings 1 32 to the structural void regions 



1331nsures that the structure area 133 is now prop- 
erly aligned with the structural void regions 123 in the 
first layer 121. 

As illustrated in Fig. 38. the photoresist sheet 131 
5 may then be machined down to a thickness such that 
the void regions 133 and the alignment openings 132 
are fully exposed. However, the reduction in thick- 
ness of the second layer 131 preferably does not re- 
duce it to a thickness such that the pegs 125 are ex- 
10 posed. Rather, a portion of each of the alignment 
openings 132 remains open, as illustrated in Fig. 38. 
Into the remaining portion of these alignment open- 
ings 132, a second set of alignment pegs 135 is in- 
serted, as illustrated in Fig. 39. Then, as illustrated 
15 in Fig. 40, a third layer 141 of photoresist sheet can 
then be aligned, mounted and machined down in the 
same manner as the second layer 131 to provide a 
three layer laminate. This results in the structural 
void regions 143 in the third layer 141 being in a prop- 
20 er alignment with the structural void regions 133 in 
the second layer 131. and the structural void regions 
1 23 in the first layer 1 21 . A third set of pegs 1 45 may 
then be inserted in the alignment opening holes 
formed in the third layer 141 in the same manner as 
25 described above and further layers added in a similar 
manner. 

After the desired number of layers have been 
built up in the laminate, metal can be electroplated 
into the structural void regions, if desired. This is il- 

30 lustrated in Fig. 41. in which an electroplated metal 
piece 150 is formed which has three sections. 151, 
1 52 and 1 53, which correspond to the structural void 
regions in. the layers 121, 131 and 141. respectively. 
If the alignment pegs 125 and 135 left in the laminate 

35 are formed of photoresist, they too can be removed 
in the same manner as the photoresist material 121, 
131, and 141. If the pegs are formed of metal, they 
generally will be released from the substrate when 
the surrounding photoresist layers are removed. 

40 Alternatively, the alignment pegs 125 at the first 

stage can be fabricated of metal and attached perma- 
nently to the substrate. This substrate can then be 
used multiple times if a completely free metal or pho- 
toresist (e.g.. PMMA) structures are desired. If such 

45 metal pegs are utilized, the first PMMA layer may be 
exposed and developed separately and then adhered 
to the substrate surface in proper alignment by inser- 
tion of the pegs 125 into the alignment holes formed 
in the layer. 

50 It is also possible to utilize variations of the fore- 

going processes which provide development of the 
exposed regions in the photoresist layers after forma- 
tion of the laminate. This can be done by partial de- 
velopment so that only the PMMA exposed at the pos- 

55 Itions of the alignment holes are removed, for exam- 
ple, by careful masking of the PMMA layers. Alterna- 
tively, the photoresist sheets may have alignment 
holes machined therein and then be exposed to X- 

12 



23 



EP 0 607 680 A2 



24 



rays under the X-ray mask which is aligned to the 
holes which had been machined into the-photoresist 
sheet. 

By utilizing the foregoing procedures, alignment 
tolerances of plus or minus 1 micron or less can be ob- 5 
tained while reducing the amount of time required to 
align the various layers. 

It is understood that the invention is not confined 
to the particular embodiments set forth herein as il- 
lustrative, but embraces all such modified forms io 
thereof as come within the scope of the following 
claims. 



Claims 15 

1. A method of forming microstructures comprising 
the steps of: 

(a) providing a preformed sheet of photoresist 

. material which can be exposed to radiation to 20 
affect its susceptibility to a developer; 

(b) exposing the photoresist sheet in a pattern 
to radiation which will change its susceptibil- 
ity to a developer; 

(c) mechanically removing the material of the 25 
photoresist sheet to reduce the thickness of 

the sheet to a desired thickness; and 

(d) applying a developer to the exposed pho- 
toresist to remove photoresist which is sus- 
ceptible to the developer. 30 

2. The method of claim 1, wherein the material of 
the photoresist is PMMA. 

3. The method of claim 2. wherein the PMMA of the 35 
photoresist is a very high molecular weight linear 
PMMA. - . 

4. The method of claim 3, wherein the step of expos- 
ing the photoresist in a pattern is carried out by 40 
exposing the photoresist to X-rays from a syn- 
chrotron. 

'5. The method of claim 1, 2 or 3, including the initial 

steps of applying a sacrificial layer to a substrate 45 
and adhering the preformed sheet to the sacrifi- 
cial layer, then after all of the steps of claim 1 , the 
additional step of removing the sacrificial layer 
with a remover which does not affect the photo- 
resist material to free the remaining photoresist 50 
from the substrate. 

6. The method of claim 5, wherein the sacrificial lay- 
er is a material selected from the group consist- 
ing of titanium and partially imidized polyimide. 55 

7. A method of forming microstructures comprising 
the steps of: 



(a) providing a first preformed sheet of photo- 
resist material which can be exposed to radi- 
ation to affect its susceptibility to a developer; 

(b) exposing the photoresist sheet to radiation 
in a pattern which will change its susceptibil- 
ity to a developer; 

(c) mechanically removing the material of the 
photoresist sheet to reduce the thickness of 
the sheet to a desired thickness constituting 
the first layer of photoresist; 

(d) providing a second preformed sheet of 
photoresist material which may be exposed to 
radiation to affect its susceptibility to a devel- 
oper; 

(e) adhering the second photoresist sheet to 
the first layer of photoresist to form a lamin- 
ate; 

(f) mechanically removing the material of the 
second photoresist sheet to reduce the thick- 
ness of the sheet to a desired thickness con- 
stituting a second layer of photoresist; 

(g) exposing the first and second layers of the 
photoresist to a pattern of radiation which will 
change the susceptibility of the photoresist of 
the second layer to a developer; and 

(h) removing the photoresist in the first and 
second layers which is susceptible to a devel- 
oper using a developer for the photoresist. 

8. The method of claim 7. including the additional 
steps of providing a third preformed sheet of pho- 
toresist material which can be exposed to radia- 
tion to change its susceptibility to a developer; 

adhering the third photoresist sheet to the 
second layer of the laminate; 

mechanically removing the material of the 
third photoresist sheet adhered to the second lay- 
er to reduce the thickness of the sheet to a de- 
sired thickness comprising a third layer of the 
laminate; 

exposing the third layer of photoresist in a 
pattern to radiation which will change the sus- 
ceptibility of the photoresist to a developer, and 
then carrying out the step of removing the photo- 
resist susceptible to a developer in each of the 
first, second and third layers utilising a developer 
for the photoresist. 

9. The method of claim 7 or 8, wherein the step of 
removing the photoresist susceptible to a devel- 
oper in the first and second layers is carried out 
before the second photoresist sheet constituting 
the second layer is adhered to the first layer of 
photoresist. 

10. A method of forming microstructures comprising 
the steps of: 

(a) providing a preformed sheet of photoresist 
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material which can be exposed to radiation to 
affect its susceptibility to a developer; 

(b) exposing the first photoresist sheet to ra- 
diation in a pattern which will result in suscep- 
tibility of the photoresist to a developer par- s 
tially but not entirely through the thickness of 
the photoresist sheet; and 

(c) applying a developer to the exposed pho- 
toresist sheet to remove photoresist which is 
susceptible to the developer to leave a pat- io 
tern of voids in the exposed side of the pho- 
toresist sheet which voids extend partially but 
not entirely through the photoresist sheet. 



11. The method of claim 10, including the additional is 
steps of adhering the first photoresist sheet on 
the side which has the voids formed therein to a 
layer of material to form a laminate, 

12. The method of claim 11. wherein the layer of ma- 20 
terial is a photoresist and including, before the 
step of adhering the first preformed sheet to the 
layer of material, the additional steps of exposing 
the photoresist layer to radiation in a pattern 
which will affect its susceptibility to a developer, 25 
applying a developer to the exposed layer photo- 
resist to remove photoresist which is susceptible 
to the developer, and then carrying out the step 
of adhering the first preformed sheet of photore- 
sist to the layer. 

13. The method of claim 11, including, after the step 
of adhering the first preformed sheet of photore- 
sist to a layer of material, the additional step of 
mechanically removing the material of the first 35 
preformed photoresist sheet to reduce the thick- 
ness of the sheet to fully expose the voids which 
have been formed in the first preformed sheet 

14. The method of claim 13, including, after the step 40 
of mechanically removing the material of the first 
preformed sheet, the additional steps of provid- 
ing a second preformed sheet of photoresist ma- 
terial which can be exposed to radiation to affect 
its susceptibility to a developer, exposing the 45 
second photoresist sheet to radiation in a pattern 
which will change the susceptibility of the photo- 
resist to a developer partially but not entirely 
through the thickness of the second photoresist 
sheets, applying a developer to the exposed sec- so 
ond photoresist sheet to remove the photoresist 
which is susceptible to the developer to leave 
voids in one side of the second photoresist sheet 
which extend partially but not entirely through the 
thickness of the sheet, and then adhering the 55 
second photoresist sheet by the side having 
voids therein to the surface of the first photoresist 
sheet. 
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15. The method of claim 15, including the additional 
step, after the second photoresist sheet has been 
adhered to the first photoresist sheet, of mechan- 
ically removing the material of the second photo- 
resist sheet to reduce the thickness of the sheet 
to fully expose the voids formed in the second 
photoresist sheet. 

16. A method of forming microstructures comprising 
the steps of: 

(a) providing a first preformed sheet of photo- 
resist material which can be exposed to radi- 
ation to affect its susceptibility to a developer; 

(b) exposing the first photoresist sheet to ra- 
diation in a pattern which will result in suscep- 
tibility of the photoresist to a developer par- 
tially but not entirely through the thickness of 
the photoresist sheet; 

(c) adhering the first photoresist sheet on the 
side which has photoresist which is suscept- 
ible to a developer to a layer of photoresist 
which has a pattern of areas therein which are 
susceptible to the developer, to form a lamin- 
ate; 

(d) mechanically removing the material of the 
first preformed photoresist sheet to reduce 
the thickness of the sheet to expose the areas 
of the first preformed sheet which are sus- 
ceptible to removal by the developer; and 

(e) applying a developer to the laminate to re- 
move photoresist which is susceptible to the 
developer to leave a pattern of voids in the 
first photoresist sheet and the underlying 
photoresist layer. 

17. The method of claim 16, including, before the 
step of adhering the first photoresist sheet to the 
photoresist layer, the additional steps of provid- 
ing the photoresist layer from a preformed sheet 
of photoresist material which can be exposed to 
radiation to affect its susceptibility to a developer 
partially but not entirely through the thickness of 
the photoresist sheet, mechanically removing the 
material of the photoresist sheet from the side op- 
posite the exposed side of the sheet to reduce the 
thickness of the sheet to fully expose the areas 
of the sheet which are susceptible to the layer to 
provide the photoresist layer, and thereafter ad- 
hering the first preformed photoresist sheet to 
the photoresist layer. 

1 8. The method of claim 1 7, including before the step 
of mechanically removing the material of the pre- 
formed photoresist sheet from which the photo- 
resist layer is formed, the step of adhering the ex- 
posed side of that preformed photoresist sheet to 
a substrate, and then carrying out the step of 
mechanically removing the material of the pre- 
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formed photoresist sheet. : " 

19. A method of forming microstructures comprising 
the steps of: 

(a) providing a preformed sheet of PMMApho- 5 
toresist material; 

(b) exposing the first photoresist sheet in a 
pattern to X-rays to render exposed areas of 
the photoresist sheet susceptible to a devel- 
oper; 10 

(c) mechanically removing the material of the 
first photoresist sheet to reduce the thickness 
of the sheet to a desired thickness; and 

(d) applying a developer to the first photore- 
sist sheet to remove the exposed photoresist 15 
which is susceptible to the developer. 

20. The method of claim 1 or 19, wherein the material 
of the first photoresist sheet is very high molec- 
ular weight linear PMMA, and wherein the step of 20 
removing the remaining photoresist is carried out 

by exposing the photoresist to a bath of a solvent 
which dissolves the PMMA. 

21. The method of claim 20. wherein the solvent 25 
which is used to dissolve the PMMA is methylene 
chloride. 

22. The method of claim 1 or 21, including the steps 

of spinning on a thin initial layer of non-cross- 30 
linked PMMA onto the surface of a substrate and 
solidifying the initial layer of PMMA. applying the 
first preformed sheet of PMMA to the initial layer, 
and applying a liquid methyl methacrylate mono- 
mer to the interface between the preformed 35 
sheet and the initial layer to provide adhesion be- 
tween the preformed sheet and the initial layer at 
the interface between the two. 

23. The method of any preceding claim,wherein the 4o 
first preformed sheet of photoresist is at least 1 

mm thick, and in the step of mechanically remov- 
ing the material of the photoresist sheet, the 
thickness of the sheet is reduced to less than 1 
mm. 45 

24. The method of claim 19. further comprising the 
steps of: 

(a) providing a second preformed sheet of 
PMMA photoresist material; 50 

(b) adhering the second photoresist sheet to 
the first photoresist sheet to form a laminate; 

(c) mechanically removing the material of the 
second photoresist sheet to reduce the thick- 
ness of the sheet to a desired thickness; 55 

(d) exposing the second photoresist sheet to 
a pattern of X-rays which will render the ex- 
posed areas of the second photoresist sheet 



susceptible to a developer; and 
(e) removing the exposed photoresist in the 
second photoresist sheet using a developer 
for the photoresist. 

25. The method of claim 7 or 24, including the step 
of adhering the first preformed photoresist sheet 
to a substrate before the steps of exposing the 
first photoresist sheet to a pattern of radiation 
and mechanically removing the material of the 
first photoresist sheet. 

26. The method of claim 1, 19 or 25. wherein the step 
of adhering the first sheet of photoresist to the 
substrate includes the step of applying a thin lay- 
er of metal to the substrate as a plating base and 
adhering the preformed sheet of the photoresist 
to the plating base, then after all of the steps of 
claim 1. 19 or 25, the additional steps of electro- 
plating metal in the areas in which the photoresist 
has been removed, and then removing the re- 
maining photoresist to leave the electroplated 
metal structures on the substrate. 

27. The method of claim 25. wherein the step of re- 
moving the exposed photoresist with a developer 
in the first and second photoresist sheets is car- 
ried out before the second photoresist sheet is 
adhered to the first photoresist sheet. 

28. The method of claim 25, wherein the step of ad- 
hering the second photoresist sheet to the first 
photoresist sheet is carried out after the steps of 
exposing the second photoresist sheet to a pat- 
tern of X-rays and of removing the exposed pho- 
toresist. 

29. The method of claim 25. wherein the step of ad- 
hering the second photoresist sheet to the first 
photoresist sheet is carried out before the step of 
applying a developer to the first photoresist 
sheet. 

30. The method of claim 25, wherein the second pho- 
toresist sheet is adhered to the first photoresist 
sheet by wetting the interface between the 
sheets with methyl methacrylate. 

31. A laminate including micromechanical structures 
therein comprising: 

two preformed sheets of photoresist mate- 
rial adhered together at one of the sides of each 
sheet, the side of each sheet of photoresist which 
is adhered to the other sheet having a pattern of 
voids therein which extend partially but not en- 
tirely through the sheet, each sheet of photoresist 
being about 3 mm thick or less. 
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32. The laminate of claim 31 , further including a sub- 
strate having a surface to which one of the two 
photoresist sheets is adhered. 

33. The laminate of claim 32, wherein the material of 5 
the photoresist sheets is PMMA. 

34. A micromechanical structure comprising: 

a free body of PMMA having a top surface 
and a bottom surface, at least one of the top and io 
bottom surfaces being mechanically milled, the 
thickness of the body between the top and bot- 
tom surfaces being less than about 1 mm, the 
body formed of preformed PMMA with substan- 
tially no internal strain therein, and sidewalls for is 
the body which are substantially perpendicular to 
the top and bottom surfaces of the body. 

35. A laminated structure comprising: 

a substrate having a surface; 20 
a thin layer of low molecular weight PMMA 
on the surface of the substrate; and 

a preformed sheet of PMMA less than 
about 3 mm thick which is solvent-bonded to the 
layer of low molecular weight PMMA. 25 

36. The laminated structure of claim 35. wherein the 
layer of low molecular weight PMMA Is less than 
5 lam thick. 

30 

37. The laminated structure of claim 35 or 36. where- 
in the low molecular weight layer has a molecular 
weight in the range of 496 K. 

38. A method of forming a laminated structure com- 35 
prising the steps of: 

spinning a thin layer of low molecular 
weight PMMAonto a substrate and curing the lay- 
er; 

wetting the layer of low molecular weight 40 
PMMA with MMA monomer; and 

applying a preformed sheet of PMMA to 
the wetted layer to adhere the preformed sheet to 
the wetted layer and thus to the substrate. 

45 
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